Human populations often exhibit contrasting patterns of genetic diversity in the mtDNA and the nonrecombining portion of the Y-chromosome (NRY), which reflect sex-specific cultural behaviors and population histories. Here, we sequenced 2.3 Mb of the NRY from 284 individuals representing more than 30 Native American groups from Northwestern Amazonia (NWA) and compared these data to previously generated mtDNA genomes from the same groups, to investigate the impact of cultural practices on genetic diversity and gain new insights about NWA population history. Relevant cultural practices in NWA include postmarital residential rules and linguistic exogamy, a marital practice in which men are required to marry women speaking a different language. We identified 2,969 SNPs in the NRY sequences, only 925 of which were previously described. The NRY and mtDNA data showed different sexspecific demographic histories: female effective population size has been larger than that of males through time, which might reflect larger variance in male reproductive success. Both markers show an increase in lineage diversification beginning $5,000 years ago, which may reflect the intensification of agriculture, technological innovations, and the expansion of regional trade networks documented in the archaeological evidence. Furthermore, we find similar excesses of NRY versus mtDNA between-population divergence at both the local and continental scale, suggesting long-term stability of female versus male migration. We also find evidence of the impact of sociocultural practices on diversity patterns. Finally, our study highlights the importance of analyzing high-resolution mtDNA and NRY sequences to reconstruct demographic history, since this can differ considerably between sexes.
Introduction
Uniparentally inherited mitochondrial DNA (mtDNA) and the nonrecombining portion of the Y-chromosome (NRY) have been used extensively to study human population history. Their sex-specific mode of inheritance is useful for contrasting the maternal versus paternal history of populations. Previous studies have found that human populations generally exhibit larger genetic differences for the NRY than for mtDNA (Seielstad et al. 1998; Kayser et al. 2003; Lippold et al. 2014) , and several explanations revolving around cultural practices have been proposed to account for these differences. First, women migrate more often than men: around 70% of human societies are characterized by patrilocality (Burton et al. 1996) , meaning that men generally remain in their birthplace, leading to an increase in the genetic differences in the NRY among populations. In contrast, the movement of women among populations results in a reduction of the genetic differences in the mtDNA (Seielstad et al. 1998; Oota et al. 2001; Jobling and Tyler-Smith 2003; Hamilton et al. 2005; Gunnarsdottir et al. 2011; Heyer et al. 2012; Verdu et al. 2013; Marchi et al. 2017) . Second, some studies have claimed that these differences reflect a disparity between male and female effective population size (Ne), with the female Ne being larger than that of males. This might be a consequence of differential male reproductive success (i.e., many fewer males than females having offspring) (Tang et al. 2002; Wilder et al. 2004; Heyer et al. 2012) . However, as shown by simulations, the excess of between-population differentiation for the NRY in comparison with the mtDNA decreases when comparing more geographically distant populations (Wilkins and Marlowe 2006) . This might be due to the fact that the patterns of genetic diversity at a local scale reflect demographic and cultural practices over a relatively small number of generations, whereas at a larger geographic scale the genetic diversity might reflect old migration events and/or old common ancestry patterns. It has also been suggested that whereas short-distance migration between groups reflects patrilocality and hence is female-biased, long-distance migration might be male-biased, which would also weaken the excess NRY population differentiation over larger geographic scales (Marks et al. 2012) .
Northwestern Amazonia (NWA) is particularly interesting in this regard, since human societies inhabiting this region exhibit great diversity in terms of languages, subsistence strategies, marital practices, and residential patterns, and humans have successfully adapted to its remarkable array of ecosystems since at least 10,000 years ago (Piperno 2011; Aceituno et al. 2013) . A growing body of archaeological/anthropological evidence has changed the traditional view of NWA prehistory from one of small and isolated preagricultural societies to one where complex societies that were interconnected by extensive networks of exchange and trade developed (Vidal 1997 (Vidal , 2002 Santos-Granero 2002; Hornborg 2005; Heckenberger and Neves 2009 ). Furthermore, contrary to the view of Amazonia as a pristine forest with little potential for agriculture (Meggers 1954) , the archaeological evidence also indicates that large regions across Amazonia were modified by intense human activity (Denevan 1992; Heckenberger et al. 2003; Erickson 2008; Clement et al. 2015; Bush et al. 2016; Levis et al. 2017) . For example, the production of anthropogenic soils known as Amazonian Dark Earths, which range from a few to several hundred hectares in size, has been interpreted as an indication of increasing sedentism and intensification of agriculture (Erickson 2008; Arroyo-Kalin 2010) .
Horticulturalist groups in Amazonia rely primarily on manioc (Manihot esculenta), but subsistence strategies are varied and extensive exchanges between horticulturalists and foragers have been documented (Jackson 1983; Milton 1984) . Manioc production is exclusively women's work, and it includes planting, harvesting, processing, and the preparation of different foods and drinks (Hugh-Jones 1979; Jackson 1983; Heckler 2004) . Women are also important in the exchange of manioc landraces among groups, since in several ethnolinguistic groups of NWA a newly married woman receives several manioc varieties from her mother and grandmother as part of her dowry before she leaves for the community of her husband (Peña-Venegas et al. 2014) .
Although rich ethnographic descriptions exist for the region that highlight the diversity of Amazonian societies in terms of languages, subsistence strategies, marital practices, and residential patterns (Steward 1949; Sorensen 1967; HughJones 1979; Koch-Grünberg 1995; Chernela 2010) , there is a general lack of studies that address the impact of these cultural practices on the patterns of genetic variation, as well as studies that reconcile the patterns of genetic variation at a local scale to the patterns of variation observed for the Americas in general. To address these issues, we have investigated the genetic diversity present in a comprehensive sample covering the extant ethnolinguistic diversity of NWA, including populations from different language families that have different subsistence strategies and different marital and other cultural practices. For example, some of the groups included in our study engage in a marital practice known as linguistic exogamy (Sorensen 1967; Stenzel 2005) , in which men are required to marry women speaking a different language. We have employed next-generation DNA sequencing methods to assess the levels of diversity in the mtDNA and NRY, thereby avoiding the methodological differences that have characterized many previous studies. With these data, we aim to investigate how the patterns of variation in Native American populations from NWA are affected by different cultural practices. In particular, we address the following research questions: 1) Is there any evidence that the intensification of agriculture and development of extensive networks of exchange documented in the archaeological record had an impact on the genetic diversity in NWA? 2) To what extent have sociocultural patterns such as postmarital residence rules, linguistic exogamy, or the central role of women in manioc production affected patterns of genetic variation? 3) Is there a difference in patterns of local population differentiation in NWA versus those at a continental scale?
Results
We generated 284 NRY sequences from Native American individuals from NWA, using a hybridization capture method that covers a region of $2.3 Mb. The average coverage per sample was 37.37 6 15.55, which was reflected in the relatively low number of missing sites (mean ¼ 3.99) (supplementary table 1, Supplementary Material online). We identified 2,969 SNPs in the sequences analyzed, of which only 925 have been described in the International Society of Genetic Genealogy (ISOGG) database (www.isogg.org accessed on 22.02.2018) and assigned to particular lineages. Thus, a total of 2,044 previously uncharacterized SNPs are reported here that allow a higher level of discrimination among sequences.
We compared the patterns of genetic variation between the NRY and mtDNA in 17 NWA ethnolinguistic groups, using a subset of the mtDNA genomes previously reported in Arias et al. (2018) . All mtDNA lineages belonged to autochthonous Native American haplogroups, namely A2, B2, C1, or D1. In contrast, the NRY lineage diversity was dominated by haplogroup Q1, the main haplogroup observed among Native Americans, which in our data set reached a frequency of 91% (table 1) . Within Q1 we identified a Cocama individual who exhibited a divergent Q1 sequence that marks the first split of the tree (supplementary fig. 1 , Supplementary Material online) at 27.8 kya (95% highest posterior density [HPD] ¼ 20.6-34.3 kya). The sequence was classified as haplogroup Q1b1a1 (renamed Q2 in the latest update of ISOGG accessed on 03.08.2018), since it carries derived alleles at the defining SNPs L275 and L612. Battaglia et al. (2013) had previously identified two individuals, one from Panama and the other from northern South America, who were positive for the SNP M378/Page100 that defines a sublineage within L275 in the haplogroup Q phylogeny. Q1b1a1 occurs at high frequency in Central, West, and South Asia (Balanovsky et al. 2017) , and the estimates of the divergence between Q1a and Q1b are around 30-32 kya (Poznik et al. 2016; Kivisild 2017 ). Arias et al. . doi:10.1093/molbev/msy169 MBE However, based on the presence of this sublineage in just three individuals it is difficult to determine if it can be considered autochthonous in Native Americans, or if instead it reflects postcontact admixture. In addition, haplogroup C2 (previously called C3), the other confirmed autochthonous lineage in the Americas (Roewer et al. 2013) , was observed at very low frequency: only three individuals (1%) exhibited this haplogroup, two from the Guayabero and one from the MurUitoto group. Furthermore, 18 individuals (8%) from the groups included in the population-based analyses carried lineages that are commonly regarded as the product of recent European or African admixture. Of these, haplogroup R1 was the most frequent, accounting for 5% of the total sequences. These observations are in agreement with previous studies that indicate that the patterns of admixture in American populations have been sex-biased (Mesa et al. 2000; Sans 2000; Rojas et al. 2010) , particularly during colonial times, involving primarily European men and indigenous women.
Molecular Diversity
The patterns of NRY and mtDNA genetic diversity varied among NWA populations. The Eastern Tukanoan Desano and Pira-Wanano stand out in having much lower than average Y-chromosomal haplotype diversity in conjunction with higher than average values of mtDNA haplotype diversity ( fig. 1A ). In contrast, the Siona and the Ach-Piapoco had higher than average NRY and lower than average mtDNA haplotype diversity, whereas the Mur-Uitoto, Tikuna, and Cocama had higher than average haplotype diversity values for both markers; the hunter-gatherer groups Nukak and Sikuani had lower than average haplotype diversity values for both markers. In addition to low haplotype diversity values for the NRY, the Eastern Tukanoan groups also exhibited much lower than average values of the mean number of pairwise differences (MPD) for the NRY (6.6 in the Desano and 3.2 in the Pira-Wanano as opposed to 37.9 differences on average), whereas their mtDNA MPD values were in the average range. In contrast, the Guayabero and MurUitototo showed the highest values of NRY MPD. However, when the C2 sequences were excluded, their values were within the range of the other populations ( fig. 1B and supplementary table 2, Supplementary Material online).
The number of segregating sites varied considerably among groups for both mtDNA (range from 55 to 159) and the NRY (range from 14 to 412). In the NRY we observed five populations (Ach-Piapoco, Guayabero, Mur-Uitoto, Tikuna, and Cocama) with more than 200 segregating sites and three populations (Desano, Pira-Wanano, and Nukak) with less than 50 segregating sites. The high values in Guayabero and Mur-Uitoto are again explained by the presence of sequences belonging to haplogroup C2; when we excluded these sequences, the number of segregating sites dropped to 99 in Guayabero, although it remained high for Mur-Uitoto (166 segregating sites; fig. 1C ). At the same time, the high numbers of segregating sites in the Ach-Piapoco, Tikuna, and Cocama might be an indication that these groups have a complex population history with heterogeneous origins.
Tajima's test of selective neutrality ( fig. 1D ) showed more negative D values for the NRY than for mtDNA, and these were significantly negative (P value < 0.05) in five populations, namely Desano, Mur-Uitoto, Puinave, Tikuna, and Cocama. In contrast, none of the D values estimated from the mtDNA were significant, not even the large positive values found for the Guayabero (2.3), Nukak (1.9), and Sikuani (1.3). Negative Tajima's D values are indicative of population expansion, whereas positive values suggest population contractions. As the Nukak and Sikuani are the only groups exhibiting positive Tajima's D values for both the mtDNA and NRY, they may have undergone a population contraction. In contrast, the lower D values observed in the NRY than in the mtDNA suggest that most of the NWA populations have undergone recent population expansions in the paternal line. 
MBE
The comparisons of the patterns of genetic variation between matrilocal and patrilocal populations are shown in figure 2. We obtained the distribution of the pairwise U ST s, the haplotype diversity, and the MPD by sampling all possible combinations of triplets of patrilocal populations and estimating, for every triplet, the mean value of each statistic. After correcting for multiple comparisons, there were no significant differences between patrilocal and matrilocal groups in any of the values (based on One-sided tests). However, the distributions of the statistics were compatible with the expectations for patrilocality versus matrilocality ( fig. 2 ): only 2% of the patrilocal triplets exhibited larger MPD values than the matrilocal groups for the NRY, whereas for mtDNA 90% of patrilocal triplets exhibited larger MPD values than matrilocal groups. Moreover, 74% of the patrilocal triplets exhibited smaller pairwise U ST values for the mtDNA than matrilocal groups, whereas 95% of patrilocal groups exhibited larger U ST values for the NRY than matrilocal groups.
Genetic Structure and Genetic Distances
The AMOVA results (table 2) showed that the percentage of between-population differences was higher for the NRY (27.24%) than for the mtDNA (12.79%), indicating that there is more genetic structure for the NRY and therefore larger genetic distances among populations, as we show below. In addition, the AMOVA results were consistent with our previous findings (Arias et al. 2018 ) that indicate that the distribution along rivers is a better predictor of the genetic structure in NWA than the general geographical location or the linguistic affiliation of groups (table 2) . This is particularly true for the NRY, since the component of variation due to differences among groups defined by settlement along rivers was highly significant and larger than the component of variation due to differences between populations within groups.
We used the pairwise U ST values as a measure of the genetic distances among populations. Pairwise distances were generally lower for mtDNA and fewer values were significantly different from zero (P value < 0.05) than for the NRY (supplementary fig clearly differentiated based on the NRY (supplementary fig. 3 , Supplementary Material online), and there was no obvious tendency for groups from the same language family to cluster together. Finally, a Mantel test revealed no significant correlations between genetic distances based on mtDNA and NRY sequences, nor between genetic and geographic distances (supplementary fig. 4 , Supplementary Material online). Previously, adding rivers as an additional predictor variable resulted in a significant increase in the R-square value for the regression between mtDNA genetic distances and geographic distances (Arias et al. 2018) . However, for the NRY adding rivers as an additional predictor resulted in just a slight (and nonsignificant) increase in the R-square value (R square ¼ 0.037 P value¼ 0.30) in comparison with the simple regression between geographic and NRY genetic distances (R square ¼ 0.013 P value¼ 0.47).
The shared haplotypes between pairs of populations provide information about their relationships, which can be due to common ancestry and/or gene flow between populations. Even though there was less sharing of haplotypes both between and within populations for the NRY in comparison with the mtDNA ( fig. 3 )-which can be explained by the differences in the amount of sequence and the mutation rate between the NRY and the mtDNA-the fact that there are shared NRY haplotypes between populations is noteworthy. According to the mutation rate used here of 7.6 Â 10 À10 subs/bp/year (Fu et al. 2014) , for the sequenced region of $2.3 Mb we expect to observe, on average, one substitution every 572 years, indicating that shared NRY haplotypes reflect recent contact or very recent population divergences; they thus further confirmed the contact events that we described previously based on mtDNA alone (Arias et al. 2018 ). For instance, the Guayaberos, Sikuani, Nukak, Puinave, Saliba, fig. 3 and supplementary fig. 5 , Supplementary Material online-see circled clades), indicating that these groups have interacted for some time (Arias et al. 2018) . This is additionally supported by ethnohistoric accounts of the existence of contact among the groups living along the Orinoco River and its tributaries (Rey Fajardo 1974; Morey and Morey 1980) .
Phylogenetic and Demographic Reconstructions
The estimation of coalescence events through time and the phylogenies for the NRY haplogroup Q1 sequences and the mtDNA are depicted in figure 4 and supplementary figures S1 and S6, Supplementary Material online, respectively. The first split of the Q1 phylogeny separated a single individual belonging to subhaplogroup Q1b1a1 from the bulk of sequences belonging to haplogroup Q1a, which showed an initial event of diversification $13 to 14 thousand years ago (kya). This diversification is evident in the number of coalescence events that happen around that time ( fig. 4 ). An additional accumulation of coalescence events was observed after 5 kya, and 50% of all coalescence events happen during the last $1 kya ( fig. 4 ). The mtDNA also showed two regions of high accumulation of coalescence events ( fig. 4) , similar to what was found for the NRY. One such accumulation starts $17.5 kya and the second one starts $5 kya, with 50% of all coalescence events taking place in the last $1 kya, as seen for the NRY.
The Bayesian skyline plot (BSP) demographic reconstructions for the mtDNA and the NRY are shown in figure 5. Both markers exhibited striking increases in the effective population size (Ne). However, there were differences in the estimates of Ne, the magnitude of increase, and the dates for the start of the population expansion. The mtDNA exhibits a single signal of population expansion starting $17 kya, whereas in the NRY we observed an initial expansion that starts at $13.5 kya and a subtle increase in Ne at $3.5 kya, preceded by a reduction in Ne after 10 kya. Furthermore, the mtDNA exhibits larger Ne through time, being double the size of the NRY at the peak of both markers. The older signal of population expansion in the NRY was also observed in the network of haplotypes belonging to haplogroup Q1, which showed a star-like shape suggestive of a rapid diversification of lineages (supplementary fig. 5 , Supplementary Material online). We estimated the date for this diversification around 13.6 6 0.6 kya, based on the rho statistic as implemented in the software Network 4.6.1.5 (http://www.fluxus-engineering. com; last accessed August 27, 2018), using the substitution rate reported by Fu et al. (2014) (7.6 Â 10 À10 subs/bp/year). We further investigated the differences between the BSPs for both markers. Although both the mtDNA and the NRY exhibit similar signals of recent coalescence events ( fig. 4) , the BSPs differ in that the NRY, but not the mtDNA, shows a recent increase in Ne. A possible explanation is violation of the panmixia assumption, as it has been shown that coalescence-based methods, including BSP, can then produce misleading results (Heller et al. 2013; Grant 2015) . That is, MBE locally sampled populations that are interconnected by low levels of migration (a structured population) typically exhibit genealogies that resemble those of panmictic populations that have declined in size (Heller et al. 2013) . One way to address this issue is to use different sampling strategies (see Materials and Methods section). The BSP results of the "pooled" and "scattered" strategies consistently identified the old signal of population expansion in both mtDNA and NRY, whereas some local populations showed a flatter trajectory of the Ne through time (supplementary fig. 7 , Supplementary Material online). Moreover, we observed that the BSPs from the pooled and scattered sampling strategies of the NRY, but not of the mtDNA, showed an additional pulse of population size increase between 2.5 and 3.5 kya (supplementary fig. 7 , Supplementary Material online). This suggests that this increase was not due to violation of the panmixia assumption, but rather indicates a true malebiased expansion.
Patterns of Genetic Diversity at the Local Versus Continental Scale in Native Americans
Our comparisons of the patterns of genetic diversity at different geographic scales are shown in figure 6. We observed differences in the levels of within-population diversity (i.e., nucleotide diversity) and between-population differentiation (i.e., U ST values) between the mtDNA and the NRY. First, the nucleotide diversity in the mtDNA was larger than in the NRY, without significant differences between the local and continental levels. Second, the between-population differentiation for mtDNA was smaller than that for the NRY at both the local (mtDNA U ST ¼ 0.13 vs. NRY U ST ¼ 0.27) and continental level (mtDNA U ST ¼ 0.08 vs. NRY U ST ¼ 0.17). Whereas the between-population differentiation was larger at the local scale than at the continental scale for both mtDNA and the NRY, the relative amounts of NRY differentiation compared with mtDNA were the same (ratio of NRY U ST /mtDNA U ST ¼ 2.1 for both NWA and the continental sample).
Our estimates of the amount of between-population differences in the Americas contrast strikingly with the findings of Lippold et al. (2014) , who reported much larger betweenpopulation differences for the mtDNA (U ST ¼ $0.7) than for the NRY (U ST ¼ $0.2) in a sample of 22 individuals from the CEPH Human Genome Diversity Panel. In contrast, we observed in our continental data set (composed of 77 indigenous individuals from four countries, see Materials and Methods section) a much smaller degree of differentiation 
Discussion
We have investigated the patterns of genetic variation in a region of $2.3 Mb of the Y-chromosome and compared them to complete mitochondrial genomes in a large population-based sample of ethnolinguistic groups from NWA. This approach overcomes the drawbacks from previous studies regarding the quality and quantity of the data from which the levels of diversity in the mtDNA (typically sequences of the hypervariable segments of the control region) and in the Y-chromosome (typically biallelic SNPs and/ or Y-STRs) have been assessed. We have identified 2,044 previously uncharacterized NRY SNPs, which provide new insights about NRY genetic diversity in Native Americans.
The Signals of an Old and a Recent Diversification in NWA Recent genetic data from contemporary populations and ancient DNA have provided evidence that the initial peopling of the Americas by modern humans occurred between 15 and 20 kya (Fagundes et al. 2008; Raghavan et al. 2015; Llamas et al. 2016; Moreno-Mayar et al. 2018) . Once in the Americas, populations quickly expanded and spread, reaching the southern extreme of South America in a few thousand years. The archaeological site of Monte Verde in Chile, dated to $14.5 kya, is the result of this rapid movement across the Americas (Dillehay et al. 2015) . Our phylogenetic and BSP reconstructions are consistent with the signals of an old population expansion, happening between 13.5 kya (NRY) and 17 kya (mtDNA), in agreement with the proposed time frame for the peopling of the Americas.
In addition, a recent event of lineage diversification is inferred from the accumulation of coalescence events for both mtDNA and the NRY (fig. 4) . After $5 kya there is evidence of a slight increase, and by $1 kya a dramatic increase in the number of coalescence events, with around 50% of all coalescence events happening during the last 1,000 years. The expansion of widespread language families and/or archaeological cultures is often linked with the development of agriculture during the Neolithic (Renfrew 1999; Bellwood et al. 2002; Diamond and Bellwood 2003; Gignoux et al. 2011) . Agriculture developed at different times in different parts of the world; for South America, the initial domestication of plants is dated to $8 to 9 kya (Piperno 2011) , considerably earlier than the lineage diversification we observe. However, it was only after $5 kya that plant domesticates became a significant part of human diet (Piperno 2011; Arroyo-Kalin 2012; Clement et al. 2015; Levis et al. 2017) . Paleoenvironmental information indicates that during the transition from the Middle to Late Holocene ($4.2 kya) there was a major climatic change in tropical South America from drier conditions to increased rainfall (Cross et al. 2000; Marchant and Hooghiemstra 2004; Wanner et al. 2008) . The archaeological record indicates that this climate change induced vegetation changes and could have enabled a change in subsistence patterns among Amazonian societies (Iriarte et al. 2017) , as seen by the fact that large areas of tropical rainforest were modified by human activity. This is indicated by changes in phytolith assemblages and the presence of MBE anthropogenic soils, a result of both increasing sedentism and agricultural activities (Clement et al. 2015; Levis et al. 2017) . Especially by one kya, the archaeological record shows a sudden increase in the number of sites with human occupation with the presence of dark earths (Eden et al. 1984; Neves 2008; Arroyo-Kalin 2010) . Thus, the dates for the start of the lineage diversification of mtDNA and NRY lineages ( fig. 4) agree with a phase of intensification of agriculture in South America. One crop that has been suggested as a candidate to allow this change in lifestyle is manioc (M. esculenta), especially the bitter variety, which grows well even in acidic and nutrientpoor soils, is more resistant to parasites, and produces larger and starchier tubers than the sweet manioc variety (ArroyoKalin 2010). However, bitter manioc tubers are highly toxic and require elaborate processing before consumption, including grating, washing, squeezing, and cooking. Therefore, technological innovations were necessary to facilitate the utilization of bitter manioc roots. These cultural innovations are likely to have been spread by migrating women: the low levels of population differentiation and the high amount of shared haplotypes in the mtDNA (supplementary figs. 2 and 3, Supplementary Material online and fig. 3 ) indicate that women were migrating extensively between groups. Manioc production is exclusively women's work and it includes: planting, harvesting, processing of roots, and food and drink preparation (Hugh-Jones 1979; Jackson 1983; Heckler 2004) . Moreover, women are given manioc landraces as part of their dowry (Peña-Venegas et al. 2014). Thus, any technological and horticultural innovations developed in one ethnolinguistic group would have been quickly spread to other groups by migrating women. Similar observations on the role of women in the maintenance of manioc diversity through the exchange of seeds and varieties have been reported in Africa (Deletre et al. 2011) .
These cultural changes went hand in hand with the establishment of complex trade networks, where multilingualism was a common trait, that connected distant parts of Amazonia, the Andes and the Caribbean (Lathrap 1973; Vidal 1997 Vidal , 2002 Hornborg 2005; Heckenberger and Neves 2009 ). The last 4,000 years witnessed the geographic expansion of the major language families in different parts of South America, namely Arawakan, Tupi-Guarani, Carib, Ge, and Quechuan (Noelli 1998; Heckenberger 2002 Heckenberger , 2013 Beresford-Jones and Heggarty 2011; Heggarty and BeresfordJones 2012) . Moreover, the analysis of summed calibrated radiocarbon dates for South America has shown the existence of a phase of population growth after $5 kya (Goldberg et al. 2016 ). This period is associated with increased diversification of both mtDNA and NRY lineages in NWA, and hence may reflect processes that were happening in different parts of the continent, a cultural transition defined as the "Formative Period" (Ford 1969) . The development of societies with increasing levels of complexity, that is, of societies living in permanent settlements and relying primarily on agriculture, producing sophisticated pottery and engaged in political, economic, and religious relationships with other societies, thus Cultural Innovations Influence Patterns of Genetic Diversity . doi:10.1093/molbev/msy169 MBE appears to have had a notable impact on the diversification of both mtDNA and NRY lineages in NWA.
Patterns of Genetic Diversity at the Local Versus Continental Scale in Native Americans
Previous studies have shown that human populations generally exhibit larger genetic differences for the NRY than for mtDNA (Seielstad et al. 1998; Oota et al. 2001; Fagundes et al. 2002; Kayser et al. 2003; Nasidze et al. 2004; Pakendorf et al. 2007; Marchi et al. 2017 ). However, Lippold et al. (2014) found differences in the patterns of genetic variation among continental regions, with the Americas, Oceania, and Africa exhibiting larger between-population differences for the mtDNA than for the NRY. We further explored this discrepancy by comparing more individuals from the Americas (n ¼ 77) in comparison with Lippold et al. (2014) , who analyzed data for 22 individuals. In agreement with their results, we observed larger values of mtDNA nucleotide diversity than in the NRY. This could reflect differences in mutation rates between markers; however, previous studies (Wilson Sayres et al. 2014; Poznik et al. 2016) have shown that the differences in nucleotide diversity between the mtDNA and the NRY are maintained after correcting for differences in mutation rates.
In contrast to Lippold et al. (2014) , our results showed smaller between-population differences for the mtDNA (U ST ¼ 0.08) than for the NRY (U ST ¼ 0.17) when comparing a larger number of sequences from the Americas (fig. 6 ). Thus, this region patterns as expected for human populations that are mostly patrilocal. The much larger between-population differences for the mtDNA than for the NRY detected by Lippold et al. in the Americas are likely a result of the small sample size used in their study: only 22 individuals from 5 populations. In addition, the Native American populations included in the HGDP are highly differentiated due to genetic drift (Reich et al. 2012) , and Lippold et al. found that these populations were fixed for different mtDNA haplogroups (with the exception of the two Piapoco samples, whose sequences belong to different haplogroups). Thus, the much larger between-population differentiation observed by Lippold et al. for the mtDNA might be a result of pooling samples from geographically distant and isolated populations (Hammer et al. 2003) . The impact of this sampling scheme may not be discernible with NRY data, since Native American Y-chromosomes are relatively homogenous, belonging to just one major haplogroup.
Interestingly, although we observed differences in the magnitude of the U ST values between the local and continental comparisons, the ratio of NRY U ST /mtDNA U ST at each geographic scale is practically identical ($2.1). This is in contrast to simulation results that predict that the excess of betweenpopulation differentiation for the NRY, commonly observed in patrilocal groups, decreases when comparing more geographically distant populations (Wilkins and Marlowe 2006) . The model used in the simulations assumes a shift from equal rates of female versus male migration to excess female migration as a consequence of a change to patrilocality at various times in the past (Wilkins and Marlowe 2006) . Our results thus suggest that in the New World the migration rate has been larger for females than for males over considerable time periods, indicating that postmarital residence patterns in Native American populations may have been relatively stable over time. This is in contrast to the relatively recent shift from matrilocality toward patrilocality proposed for other regions of the world (Holden and Mace 2003; Wilkins and Marlowe 2006; Heyer et al. 2012 ). An ancestral tendency toward patrilocality in the New World would help explain the severely restricted NRY variation, with one major haplogroup predominating (Zegura et al. 2004; Dulik et al. 2012; Battaglia et al. 2013; Roewer et al. 2013; Jota et al. 2016) . Alternatively, it could be that long-distance migration between populations in South America exhibits the same sex bias as short-distance migration, in contrast to other parts of the world (Marks et al. 2012) . Whether this pattern of the same excess of NRY to mtDNA differentiation at both local and continental scales is indeed restricted to the New World, or might actually hold for other geographic regions as well, would require further empirical studies that contrast mtDNA and NRY variation in the same samples at different geographic scales within one continent.
Sex-Specific Patterns of Genetic Diversity
The BSPs and the diversity statistics (supplementary table 2, Supplementary Material online) indicate that overall the Ne of males has been smaller than that of females. One tentative explanation for this difference is that it reflects larger differences in reproductive success among males than among females. Some support for this explanation comes from the shape of the phylogenies (supplementary figs. 1 and 6, Supplementary Material online), since differences in reproductive success and the cultural transmission of fertility lead to unbalanced phylogenies Heyer et al. 2015) . We estimated a common index of tree imbalance (Colless index) and calculated whether the mtDNA and NRY trees were more unbalanced than 1,000 simulated trees generated under a Yule process (Bortolussi et al. 2006) , that is, a simple pure birth process that assumes that the birth rate of new lineages is the same along the tree. We found that the NRY tree is more unbalanced than predicted by the Yule model (P value ¼ 0.001), in accordance with the hypothesis of differences in reproductive success among males, whereas the mtDNA tree is not significantly different from trees generated by the Yule model (P value ¼ 0.628). It has been suggested that highly mobile hunter-gatherer societies, such as those typical of most of human prehistory, were polygynous bands (Dupanloup et al. 2003) ; similarly, nomadic horticulturalist Amazonian societies exhibit strong differences in reproductive success due to the common practice of polygyny, especially among community chiefs, whose offspring also enjoy a high fertility (Neel 1970 (Neel , 1980 Neel and Weiss 1975) .
In addition, an expansion $3.5 kya can be observed in the BSP based on the NRY, but not in the mtDNA BSP ( fig. 5) , suggesting an expansion specifically in the paternal line. This observation is supported by the larger number of negative Tajima's D values observed for the NRY than for the mtDNA (fig. 1D ). Similar male-biased expansions have been observed in other studies using high-resolution NRY sequences Arias et al. . doi:10.1093/molbev/msy169 MBE (Karmin et al. 2015; Batini et al. 2017; Oliveira et al. 2018) , but the reasons for this are as yet unclear.
Further sex-specific patterns of genetic diversity may be the result of differences in sociocultural practices found among the populations in NWA. In this study, we have investigated in particular how the patterns of genetic variation are impacted by linguistic exogamy and postmarital residence patterns; these are discussed in the following sections.
Linguistic Exogamy
One of the most striking patterns among NWA populations is observed in the two Eastern Tukanoan groups, who show higher than average mtDNA haplotype diversity and lower than average NRY haplotype diversity ( fig. 1A) , as well as an extreme reduction of the MPD for the NRY (fig. 1B) . In our previous study (Arias et al. 2018) , which included more Eastern Tukanoan groups, we found that five out of the six groups showed higher than average mtDNA diversity. Eastern Tukanoan groups represent a prime example of the impact of cultural practices on the patterns of genetic diversity. Specifically, Eastern Tukanoans practice linguistic exogamy, a cultural norm in which marriages are required to occur between individuals speaking different languages. This system promotes the migration of women among ethnolinguistic groups, since it is reinforced by patrilocality and patrilineality, in which married men continue to live in their fathers' territory and the individual's identity is determined by the father's ethnolinguistic identity (Sorensen 1967; Stenzel 2005) . For instance, Stenzel (2005) reports that in the Vaupes region 75-90% of the married men continue to reside in the subregion in which they lived before marriage, whereas this is true for only 50-58% of the women in the same region. This situation is likely responsible for the high levels of mtDNA and low levels of NRY genetic diversity found here for the Eastern Tukanoan Desano and Pira-Wanano.
Postmarital Residence Patterns
Patrilocal groups are expected to exhibit lower levels of within-population genetic diversity and higher levels of between-population divergence (i.e., high pairwise U ST s) for the NRY, and higher levels of within-population diversity and lower levels of divergence for the mtDNA; matrilocal groups are expected to show the opposite pattern (Oota et al. 2001 ). However, as found previously in other regions of the world (Kumar et al. 2006; Ascunce et al. 2008; Gunnarsdottir et al. 2011) , our data do not conform to the patterns expected for these postmarital residence practices. Only 3 populations out of 13 that are classified as patrilocal, namely, the two Eastern Tukanoan groups Desano and Pira-Wanano and the Arawakan group Yucu-Matapi, showed lower values of NRY haplotype diversity than two of the matrilocal groups, namely the Carijona and Guayabero, whereas only the Desano and Pira-Wanano exhibited larger mtDNA haplotype diversity values. The Sikuani, also classified as matrilocal, showed lower NRY haplotype diversity values, in contrast to what would be expected from their residence pattern. In general, there is considerable heterogeneity among patrilocal groups in the haplotype diversity values (fig. 1A) . For instance, the patrilocal groups Ach-Piapoco and Siona showed a pattern that looks more like matrilocality, namely high NRY and low mtDNA haplotype diversity. Similarly, the three groups classified as matrilocal-Carijona, Sikuani, and Guayabero-did not significantly differ from the haplotype diversity values observed for many of the patrilocal groups ( fig. 1A) .
Since the patrilocal groups in our study are more heterogeneous and considerably outnumber the matrilocal groups, the resampling approach allowed for a more reliable comparison between residence patterns. This analysis detected that triplets of patrilocal groups do have lower MPD values for the NRY than the matrilocal groups (P value ¼ 0.063). In the other comparisons, we also observed a tendency in the distribution of the evaluated statistics that is compatible with the general expectations for patrilocality versus matrilocality ( fig. 2) . Thus, patrilocal groups showed on average smaller pairwise U ST and larger MPD for the mtDNA than matrilocal groups. Meanwhile, we observed the opposite pattern for the NRY, that is, larger pairwise U ST values and smaller MPD in the patrilocal than in the matrilocal groups. In contrast, we did not find significant differences in the haplotype diversity values between matrilocal and patrilocal groups ( fig. 2) . These results indicate that NWA populations show considerable heterogeneity in the levels of genetic variation, which cannot be fully explained by a simple distinction between matrilocal and patrilocal groups. Indeed, previous studies that investigated the impact of postmarital residence practices on the patterns of genetic diversity have arrived at contrasting results, with some studies observing a good match between the marital practices and the levels of genetic diversity (Oota et al. 2001; Besaggio et al. 2007) , whereas other studies failed to find such a match (Kumar et al. 2006; Ascunce et al. 2008; Gunnarsdottir et al. 2011; Ly et al. 2018 ). This suggests that although marital practices have an impact on patterns of diversity, this is just one of the factors at play in structuring the observed genetic variation (see Wilkins and Marlowe 2006; Heyer et al. 2012, and Marks et al. 2012 for further discussion). Social organization in humans is influenced by several interrelated aspects of human culture, the physical landscape, and subsistence strategies (Balaresque and Jobling 2007) , and changes in each of these can affect the genetic diversity. For instance, Chaix et al. (2007) observed that a rapid change from nomadic pastoralism to sedentary farming $20 generations ago among some Uzbek populations was followed by changes in the descent rules from patrilineal to extended or nuclear families, leading in turn to changes in the patterns of genetic diversity (Chaix et al. 2007 ). The mismatch observed here between postmarital residence rules and patterns of genetic diversity in the mtDNA and NRY among NWA populations could thus reflect changes in social organization due to range expansions of agriculturalist groups or as a consequence of European contact since the 16th century, which have impacted the expected signatures associated with marital rules. 
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To conclude, human prehistory is a complex phenomenon that can only be elucidated through the investigation of multiple lines of evidence from multiple disciplines. Our study has contributed to the understanding of the genetic history of the populations of NWA. By analyzing high-resolution mtDNA and NRY sequences, we have found that males and females have experienced different demographic histories. Cultural practices can account for some of the differences in the patterns of genetic diversity, for instance, by promoting differential reproductive success among individuals and determining the way the sexes disperse after marriage. We anticipate that the analysis of genome-wide data and ancient DNA studies of human remains will help fill in the remaining gaps in our knowledge.
Materials and Methods

Sample Collection
Saliva or blood samples were collected during several expeditions carried out by one of the authors (L.A.). Written informed consent was obtained from each participant and from the community leader and/or local/regional indigenous organizations after giving a full description of the aims of the study. All procedures were undertaken in accordance with the Declaration of Helsinki and the study was approved by the Institutional Review Committee on Human Ethics of the Universidad del Valle in Cali, Colombia, and the Ethics Commission of the University of Leipzig Medical Faculty. The total sample collection comprises 460 samples belonging to 40 different ethnolinguistic groups (see Arias et al. [2018] for details).
DNA Sequencing and Sequence Analysis
Double indexed DNA libraries (Kircher et al. 2012) were enriched for a region of 2.3 Mb of the nonrecombining region of the Y-chromosome (NRY) via in-solution capture (Kutanan et al. 2018) , following the SureSelect protocol from Agilent with modifications described in Kircher et al. (2012) . Three pools containing 90 samples each were prepared, and paired-end sequencing (read lengths 100 bp) was carried out on three lanes of the Illumina HiSeq 2500 platform; base-calling was performed with Bustard. Illumina adaptors were trimmed and reads starting from opposite directions were merged with leeHOM to completely overlap paired sequences. Finally, sequences were de-multiplexed with the program deML (Renaud et al. 2015) and aligned to the human reference genome hg19 using BWA's aln algorithm. All sequence pairs that aligned to the NRY regions defined by Poznik et al (2013) were retained (Poznik et al. 2013) . Duplicate reads were removed using PicardTools MarkDuplicates, indel realignment was performed using GATK IndelRealigner (McKenna et al. 2010) , and base quality was re-calibrated using GATK BaseRecalibrator. We identified single nucleotide variants (SNVs) using GATK UnifiedGenotyper v3.3-0 across all samples simultaneously, setting the parameter ploidy to 1 and using dbSNP build 138 as a prior position list. The identified SNVs were further filtered as previously described by Barbieri et al (2016) and we obtained a set of 2,969 SNVs. We imputed all samples with missing genotype information at any of these variant sites using BEAGLE (Browning and Browning 2013) and assigned Y chromosome haplogroups using yhaplo (Poznik et al. 2016) .
The complete mtDNA genome sequences were taken from a previous study (Arias et al. 2018 ).
Y-Chromosome Sequences
We generated NRY sequences from 284 individuals. From these we excluded seven "Mestizo" individuals (i.e., individuals with paternal origin from outside NWA) as well as 30 sequences belonging to nonautochthonous haplogroups. For the population-based analyses we excluded a further 32 sequences, since we restricted these analyses to populations with a sample size of at least 10 individuals for which we have both mtDNA and NRY sequence data. The sole exception was the Carijona (n ¼ 6), since it is the only Carib-speaking group living in NWA. Some ethnolinguistic groups were merged into single populations based on linguistic criteria when their population sizes were smaller than 10 individuals, as previously described in Arias et al. (2018) . Thus, 215 NRY sequences and 330 complete mtDNA genome sequences from 17 ethnolinguistic groups were included in the population-based analyses. In contrast, for the phylogenetic and demographic reconstructions we included all the autochthonous sequences with the exception of three sequences belonging to haplogroup C2; these reconstructions were therefore based on 244 sequences belonging to haplogroup Q1. Seven populations included in Arias et al. (2018) were excluded due to insufficient numbers of NRY sequences. These are: the Eastern Tukanoan groups Tuka-Tatuyo, Siriano, Other-ET, and Tanimuka, as well as the three groups from the Andean foothills: Pasto, Kamentsa, and Inga. The population-based analyses included: the estimation of haplogroup frequencies (by counting); diversity values (i.e., haplotype diversity, mean number of pairwise differences [MPD] , and nucleotide diversity), AMOVA, and pairwise U ST genetic distances, which were computed in Arlequin 3.5. (Excoffier and Lischer 2010) ; multidimensional scaling (MDS) analyses based on pairwise genetic distance matrices, which were performed with the R package MASS (Venables and Ripley 2002) ; and the analysis of shared haplotypes, which was performed with in-house R scripts.
Furthermore, we investigated the impact of patrilocality and matrilocality on the patterns of genetic diversity. Our data set contains 13 populations classified as patrilocal, three as matrilocal, and one as ambi/neolocal (table 1), as reported in different sources (Morey et al. 1973; Morey and Morey 1980; Walker et al. 2010; Kirby et al. 2016) . To control for the difference in the number of groups in each category and the heterogeneity among patrilocal groups, we devised a resampling strategy in which we sampled all possible triplets of patrilocal populations (286 combinations in total). For each triplet we computed the average of the observed values of each of the following statistics: pairwise U ST values, haplotype diversity, and the MPD for the mtDNA and the NRY. We then compared the distribution of these values among all Arias et al. . doi:10.1093/molbev/msy169 MBE triplets of patrilocal groups to the average value estimated for the three matrilocal groups.
Genetic Structure and Population Relationships
For the AMOVA we defined clusters based on linguistic criteria, geographic proximity, and the distribution of populations along rivers; the latter is an important factor in structuring the mtDNA variation among NWA populations (Arias et al. 2018) . For inferring the relationships among populations, we used pairwise U ST values, as well as the proportion of shared haplotypes between populations. In addition, we performed Mantel tests with the R package ade4 (Dray and Dufour 2007) to evaluate whether there are significant correlations between pairwise genetic distances among populations for the NRY and the mtDNA, as well as between genetic distances and geographic distances. For the matrix of geographic distances we used the geographic coordinates of the locality that contained the majority of individuals for each ethnolinguistic group, and we calculated great circle distances between locations with the R package geosphere (Hijmans 2016) . Furthermore, to account for the role of rivers as facilitators of contact among groups, we performed a multiple regression analysis on distance matrices (Goslee and Urban 2007) as previously described in Arias et al. (2018) . For this analysis, we consider the matrix of NRY U ST values, a matrix of geographic distances, and a matrix of river distances, in which populations living along the same river or on rivers closely connected take a distance value of zero and populations living on different rivers a value of one.
Phylogenetic Inferences and Demographic Reconstructions
We reconstructed the phylogenies of the mtDNA and NRY sequences, using 428 complete mtDNA genome sequences reported by Arias et al. (2018) , and 244 NRY sequences belonging to haplogroup Q1. We estimated maximum clade credibility trees for both mtDNA and NRY sequences with BEAST 1.8.2 (Drummond et al. 2012) . The best nucleotide substitution model was estimated with jModeltest 2.1.7 (Darriba et al. 2012 ), and we tested if the data best fit a strict clock or an uncorrelated log normal relaxed clock model using stepping-stone sampling (Baele et al. 2013) and Bayes factor analysis (Kass and Raftery 1995) . Finally, we used the substitution rate of 7.6 Â 10 À10 per base pair per year reported by Fu et al. (2014) for the NRY, and substitution rates of 1.708 Â 10 À8 and 9.883 Â 10 À8 per base pair per year reported by Soares et al. (2009) for the coding and noncoding regions, respectively, of the mtDNA genome. In addition, a median-joining network of haplotypes for the NRY sequences was generated with the software Network 4.6.1.5 and visualized with Network Publisher 2.0.0.1 (http://www.fluxus-engineering.com).
We made inferences about changes in population size through time with Bayesian skyline plots (BSPs) as implemented in BEAST 1.8.2 (Drummond et al. 2012) . For this we used the same settings defined for the phylogenetic reconstructions (substitution model, substitution rate, clock model, etc.), but using the coalescent tree prior BSP. We performed this analysis by haplogroup and by population. Furthermore, since violations of the panmixia assumption are known to lead to misleading results in coalescent-based methods (Heller et al. 2013; Grant 2015) , we implemented the sampling strategies suggested by St€ adler et al. (2009) , namely, "pooled" and "scattered", and compared them with the results from the groups included in the population-based analyses, which corresponds to the "local" sampling scheme in (St€ adler et al. 2009 ). The pooled sample strategy consisted of randomly sampling four individuals from each population, whereas the scattered sample consisted of randomly sampling one individual from each population; each strategy was replicated ten times. This was performed for both the mtDNA and the NRY, and BSPs were obtained for each replicate.
Patterns of Genetic Diversity at a Local Versus Continental Scale in Native Americans
To investigate the effect of geographic scale on the patterns of genetic diversity, we compared several summary statistics at two levels: first, our local populations from NWA; and second, a comparative data set of published indigenous mtDNA and NRY sequences from the Americas. The NRY comparative data set was composed of 52 sequences from the Americas (Karmin et al. 2015; Mallick et al. 2016; Poznik et al. 2016) , grouped by country of origin (i.e., Argentina n ¼ 12, Mexico n ¼ 15, and Peru n ¼ 25) and a random sample (n ¼ 25) of NRY sequences from NWA as representative of Colombia. We produced five NRY data set replicates, by randomly sampling 25 NRY sequences from Colombia five independent times and merging with our 52 sequences from the literature. The mtDNA comparative data set contained the same number of sequences by country as the NRY data set (Argentina ¼ 12, Mexico ¼ 15, and Peru ¼ 25, Colombia ¼ 25). Five data set replicates were generated by randomly sampling mtDNA sequences from a large collection of sequences from the literature (Tamm et al. 2007; Fagundes et al. 2008; Perego et al. 2009 Perego et al. , 2010 Kumar et al. 2011; Bodner et al. 2012; Cardoso et al. 2012; de Saint Pierre et al. 2012; Gomez-Carballa et al. 2012; Achilli et al. 2013; Lippold et al. 2014; Mizuno et al. 2014; Lee and Merriwether 2015; Barbieri et al. 2017; Arias et al. 2018) . We estimated the nucleotide diversity and performed an AMOVA considering two hierarchical levels, namely differences among populations and within populations. We compared the average values over the five replicates to the values observed in the NWA data set.
Supplementary Material
Supplementary data are available at Molecular Biology and Evolution online.
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